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Pile Driving Analysis: Two-Phase Finite Element Approach
P. Holscher
Delft Geotechnics, P.O. Box 69, 2600 AB DELFT, the Netherlands

The pile-driving proces is analysed using the dynamic finite element program SATURN. The soil
is modelled as a two-phase (skeleton and water) axi-symmetric continuum. The elasto-plastic
behaviour of the skeleton is considered. Energy dissipation due to radiation, plastic
deformation and water-skeleton friction is taken into account.
The importance of permeability of the soil, its strength and its dilatancy are outlined. The
soil resistance under the toe is strongly influenced by the low compressibility of the water.
The results of the simulations show that the non-linear soil behaviour around the pile toe
cannot be simulated satisfactorily using a single phase material. The influence of permeability
cannot be neglected.
INTRODUCTION
The results of the study are described in the
present paper. The main target of this paper is
to show the possibilities of the continuum
approach, using finite element and saturated
porous medium models. The physical background to
the phenomena is described briefly.

Pile foundations are used when soil conditions
are poor. Piles are commonly installed by
driving. In most cases piles can be driven
satisfactory. Sometimes, however, unexpected
problems occur, e.g. when the predicted blow
count is not achieved at the expected depth.
Prediction of pile driveability is usually based
on experience (for smaller piles) or on the use
of a one-dimensional simulation model [Smith,
1960]. In this model the soil is simulated
simply and the soil-parameters are estimated.
There are no generally reliable methods for
estimating soil parameters, but nonetheless the
method has been proven in practice. The method,
however, appears to be insensible to certain
aspects of the soil model.

GENERAL OVERVIEW

There is a practical need tobe able to estimate
the static bearing capacity of a driven pile
from the driving performance. A number of
(semi-)empirical formulae are available. These
formulae are generally based on an energy
equation, and the coefficients required are
estimated by application of certain rules. There
is however no consistent theoretical background.
The interpretation of dynamic load test results
difficult and at least one calibration test is
needed to obtain reliable results [Meseck,
1985].
During pile-driving there is an increase of the
pore-pressure [Barends de Koning, 1982]. This
increase is related to a decrease in the
strength of the solid skeleton and thus to an
increase in the driveability. However, sometimes
the driveability increases when the porepressure decreases due to consolidation. The
methods discussed above do not take into account
the effect of pore water.
The above considerations emphasize the need for
fundamental information on the behaviour of soil
around a dynamically loaded pile. A study which
adresses the actual behaviour of soil has been
carried out.
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Three primary goals have been defined for the
study:
To obtain a more theoretical understanding of
1
the behaviour of the soil around a
dynamically loaded pile (during driving or
dynamic testing).
To establish a relationship between the
2
mechanical properties of a soil (mass,
stiffness and strength) and the soil
behaviour.
3 To determine the influence of the pore water
on the dynamic behaviour of the soil.
The scope and content of the study have been set
by the above goals. Firstly the study has been
limited to numerical simulations only.
Information from experimental studies is
available in literature, but this can be better
understood using in depth knowledge gained from
the present study.
The simulations were carried out using the
SATURN dynamic finite element program. This
program is described in the following chapter.
In the study the soil was considered as a
saturated porous medium.
The pile driving problem was simulated using
axial symmetry. This means that the influence of
bending waves, due to, e.g., eccentric hammer
blow were not modelled. The hammer blow itself
was introduced onto the pile head by a
prescribed force. The time function was based on
measurements in a typical Dutch situation for
onshore pile-driving [ClAD, 1981]. No energy
absorbing boundaries were included. The
discretization of the surrounding soil was

chosen sufficient large to make the simulation
of one wave cycle possible without reflections
from the artificial boundary. The simulations
were stopped before reflections from the pile
ends or the soil boundaries could reach the
region of interest near the pile.
Since only one hammer blow was considered, the
study was limited to small deformations of the
soil. This means in fact a "pile stuck"
situation.

Shaft

Toe

Elastic
Single-phase
Elastic
Single-phase
Elasto-plast ic
Single-phase
Elasto-plast ic
Single-phase
Elastic
Two-phase

The geometrical situation along the shaft
differs from that around the toe. Around the
shaft the soil motion is mainly parallel to the
pile-axis, around the toe radial soil motion
occurs. In order to simplify the study, soil
around the shaft and the toe were considered
separately.

Elastic
Two-phase
Elasto-plast ic
Two-phase
Elasto-plast ic
Two-phase
time-axis

The shaft friction was studied on a pile through
a soil body, see Figure 1. A relatively long
pile is considered in order to avoid the effects
of reflections at the pile head or the pile toe.
The soil behaviour around the toe was studied,
using a very long pile with its toe in a soil
body.

Figure 2.

Study flow chart

THE SATURN FINITE ELEMENT MODEL
Simulations were carried out using the SATURN
finite element program, which is suitable for
modelling the behaviour of saturated soil under
impact loading [Sweet, 1979]. It has been used
successfully to solve practical dynamic problemc
[e.g. Sweet e. a., 1980].
The program solves the equations of motion of a
soil composed of a skeleton and a fluid [Biot,
1956]. The skeleton and fluid displacement s are
the fundamental unknowns. The fluid motion is
considered with respect to the actual fluid
displacement s.
The soil and pile are modelled using linear
rectangular axi-symmetri c elements. The
discretisize d equations of motion are solved
using finite differences. This scheme is
explicit, the mass matrix is lumped. A numericadamping of 2% is introduced to minimize
numerical noise.

Figure 1.

The geometry selected for studying
the behaviour around the pile shaft
and the pile toe.

SOIL AROUND THE SHAFT
The behaviour of elastic material

The simulations were carried out with various
soil models. In order to obtain information
about the effects of the stiffness and
volumetric mass initial studies were carried out
with elastic material and a single phase
material. The influence of the soil strength was
then studied using a single phase elasto-plast ic
matf>rial.
The influence of pore-pressur e was studied using
a saturated porous material. Initially an
elastic soil skeleton was studied, subsequent
studie were made with an elasto-plast ic soil
skeleton.
The plasticity model is described by the
Drucker-Prag er flow rule in which dilatancy of
the plastic skeleton is taken into account to
some extent. The plastic behaviour adopted in
this study can be described in terms of the
angle of friction, the cohesion and the angle of
dilatancy.
A flow scheme for the complete study is shown in
Figure 2. The subsequent phases are shown in the
table from top to bottom. This paper
concentrates on the behaviour of saturated
porous media around the pile.
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The soil around the shaft is in practice loaded
by a shear stress in the skeleton. The solid and
fluid motion is then parallel to the pile.
The shear stress decreases as the shear wave
propagates into the soil. This decrease is due
to:
- the the axi-symmetri c stress propagation
(radiation) and
- the solid-fluid interaction (friction).
The wave motion is almost one-dimensio nal, with
the particle velocity perpendicula r to the
direction of propagation. The behaviour of the
material is elastic, enabling the numerical
solution to be checked analytically , using a
transformatio n to the frequency domain.
In the region of interest near the pile the
amplidude decrease due to radiation is about 15
times greater than the amplitude decrease due to
friction.
In the case of an elastic skeleton the soil
behaves like a single phase material. The shear
modulus equals the undrained shear modulus of
the skeleton and the specific mass equals the
specific mass of the mixture.

The shear wave does not induce volumetric
changes in the skeleton. Pore pressures arise
from the lateral expansion of the pile and the
compression of the pile during the passage of
the stress wave in the pile. This pore pressure
causes a compression wave which propagates
radially.

_ _ t.pa40

--- '9·

10

time (ms'

Influence of plasticity
The influence of plasticity can be considered by
comparing three two-phase simulations, one with
elastic and the others with elasto-plastic
behaviour of the skeleton (one with ~ = 10' and
one with ~ = 40°). No plastic dilatancy occurs:
the volume remains constant during plastic
deformation by setting the dilatancy angle ¢ to

Figure 4.

Dilatancy is defined as the increase in volume
during plastic flow, due to the rolling of
particles over each other.
The plastic zones (cf. Figure 3), the isotropic
and deviatoric effective stress and the porepressure (cf. Figure 4) are shown together in
Figure 5. As the solid skeleton dilates, the
pore pressure decreases. This leads to an
increase in the effective stress in the solid
skeleton. Thus the shear strength increases. The
higher shear stress propagates in the soil which
initiates plasticity in a wider zone.

zero.

The elastic parameters (stiffness, specific
mass, porosity and permeability) are equal in
all three simulations.
The part of the soil around the pile which is in
an instanteneous plastic state is shown in
Figure 3. The width of the plastic zone depends
clearly on the angle of internal friction and is
not always limited to the soil in contact with
the shaft surface.

r

r

~

I

1

Pore pressure in an elasto-plastic
soil near the pile shaft
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Comparision of two-phase simulation with a
single phase simulation
The porepressure-tim e relationship is shown in
Figure 4. The pore pressure falls once
plasticity occurs, although according to the
plastic constitutive law no volumetric changes
are induced directly. If soil is considered as a
single phase material the total stress is
calculated. In such a material the reduction in
total stress is calculated, but this reduction
leads to a reduction in the shear strength, if
the angle of friction is not zero. This is quite
different from the behaviour of a two-phase
material, implying that a frictional two-phase
material cannot be described by a single phase
material.

3.0

4.0

5.0
Tim~

Figure 5.

(ms)

Plastic zones, effective stress and
pore pressure along the shaft in
dilatant material.

Influence of permeability
When no volumetric changes occur the influence
of permeability and porosity is small. When
volumetric changes occur however, a radial fluid
flow is induced by the pore-pressure. The
velocity of this flow is determined by the
pressure gradient and the permeability. The
simulations have shown that the two-phase
behaviour along the shaft is important when
volumetric changes occur during plasticity.

Influence of dilatancy
In order to examine the effect of dilatancy the
calculation with a friction angle ~ = 10' was
repeated with a dilatancy angle ¢ of 10'.
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SOIL AROUND THE TOE
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Elastic material behaviour
The distribution of stresses under the pile toe
was considered firstly. The effective stress,
pore pressure and total stress under the toe are
shown in Figure 6 as a function of time. The
left part of the figure shows the stresses under
the middle of the toe, the right part the
stresses under the edge.
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Figure 6.

Effective stress, pore pressure and
total stress related to time in the
middle and at the edge of the pile
toe.

A high effective stress is found at the edge,
which is to be expected at a point of
discontinuity. The pore pressure is smaller at
the edge than in the middle, due to the
possibility of radial flow.
An identical situation is shown in Figure 7, but
in this case the permeability of the soil is
much higher.
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Figure 7.

Effective stress, pore pressure and
total stress related to time in the
middle and at the edge of the pile toe
for a permeable soil.
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Figure 8.

Axial and radial velocity of a dry
soil and the skeleton of a saturaten
soil.

The passage of the pressure wave and the
(slower) shear wave in the dry soil is indicated
by these results since the pressure wave has a
positive radial and axial velocity and the shear
wave has a positive axial but negative radial
velocity. This is schematically shown in Figure
9a.
The axial and radial velocity of the skeleton iP
the saturated soil is shown in Figure 8.b The
pattern shown above for dry soil is not shown
for saturated soil. The axial motion in this
case is much larger than the radial motion and
starts after a time interval which is much
greater than can be expected for a pressure wavE
propagating directly from the toe to the points
considered.
The reason is explained in Figure 9b. Due to thE
high incompressibility of the fluid, a
compression wave propagates axially under the
pile toe. The soil affected by this wave is
limited to a zone which is only slightly bigger
than the pile area. Due to the shear strength of
the skeleton, shear waves propagate radially in
the same way as along the pile shaft.

a.._ i al ... eo toe 1 t y
radial v~rloCity

=

In this case the pore pressure is much lower,
but the effective stress is somewhat higher. The
differences can be explained by consolidation
effects, which depend on the permeability of the
soil, the stiffness of the skeleton and the pile
radius.
The time variation of the particle velocity of a
dry soil and the skeleton of a saturated soil
are shown in Figure 8. The locations to which
the information relates, is shown in the figure.
An interesting difference between dry and
saturated soils which is caused by the
incompressibility of the pore water can be seen
in this figure.

dry

mateortol

Figure 9.
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Schematic pattern of wave radiation
in dry and saturated soils

n isoline plot of the shear stress in the soil
t four intervals of time after the hammer blow
s shown in Figure 10. The shear stress is high
_n the region just below edge of the pile.
1uring the time indicated in the figure the
ocation of highest stress does not move. Based
,n this Figure i t can be concluded that wave
)ropagation under the pile toe takes place
ainly in a limited region. The top angle ~ of
_his conical region, see Figure 10, is estimated
_o be 12°
t
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Figure 10.
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5.6 ms

Lines of equal shear stress in the
skeleton at different intervals of
timeafter the hammerblow

Influence of plasticity
In order to study the influence of plasticity,
the simulations are repeated with elasto-plastic
constitutive behaviour of the skeleton. The
plastic behaviour is defined by the angle of
internal friction, the cohesion and the
dilatancy angle. The fluid is described by a
linear constitutive equation.
The propagation of the isotropic stress in the
skeleton, the pore pressure and the plastic
region have been studied for a material with an
angle of internal friction ~ = 40° but without
dilatancy (11> = 0°). The lines of equal stress
are shown in Figure 11.

Figure 11. Plastic state, isotropic effective
stress and pore pressure around the
pile toe (~=40', 1)>=0°, c=50Pa)
the soil must carry a load in the axial
direction, but the pore pressure is isotropic.
This reasoning is in accordance with the
generally accepted view that the soil strength
decreases when the pore pressure increases.
However, one has to bear in mind, that this only
holds when the effective stress deviates
significantly from an isotropic stress state.

Figure 11 clearly shows the difference in
distribution of the pore pressure and the
isotropic stress under the toe.
Two compression waves occur in a saturated
porous medium. The fast wave leads mainly to an
increase in pore pressure, the slow wave leads
to an increase in the effective stress. The slow
wave is highly dispersive [Biot, 1956].
These effects can be seen in Figure 11b and 11c.
The effective stress is limited to a small
region near the edge of the toe. The increase in
the pore pressure propagates into the soil. Due
to radial fluid flow this wave is dispersive, in
contrast to the 1-dimensional case, in which
radial flow is prohibited.
The plastic region propagates with the velocity
of the fast wave. The plasticity in this region
is due to two mechanisms.
fluid induced shear forces in the skeleton
due to viscosity, and
reduction of isotropic stress in the skeleton
due to the increase in pore pressure.
The latter mechanism is caused by the fact that

t

=

3.2 ms

Figure 12.
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Lines of equal shear stress in an
elasto-plastic soil (~=40', 1)>=0').

The simulation with the higher friction
(41 = 40') has been recalculated using a dilata~
flow rule (Tjl = 10'). The calculation show that
the toe displacement hardly change and the
displacement of the soil is thus mainly strain
controlled. Due to dilatancy the isotropic
effective stress increases, as does the shear
stress. This leads to a slightly lower pore
pressure in the soil, as shown in Figure 14. DL
to the higher shear strength, more energy is
radiated radially.
It is interesting to note that the increase in
isotropic stress in the solid skeleton due to
the dilatancy is much higher than the decrease
in pore pressure.

The region in which the stress wave under the
pile toe propagates has been disdussed in the
previous section. In Figure 11a it can be seen
that only the soil in this particular region
becomes plastic. The lines of equal shear
stress, shown in Figure 12, indicate that this
region is smaller in an elasto-plastic solid
than in an elastic solid. This can be seen by
comparing Figure 10 with Figure 12.
Influence of plastic parameters
The effective stress and the pore pressure under
the pile toe are shown in Figure 13. The upper
part of the figure relates to a material with a
high angle of internal friction (~ = 40'), the
lower part to a material with a lower angle of
internal friction (~ = 20'}. The latter material
has a cohesion, selected so that the soil near
the toe (Point N in Figure 13) becomes plastic
at the same isotropic effective stress as the
material with 41 = 40'. No plastic dilatancy
occurs with either material (Tjl = 0').
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The influence of the dilatancy during one
passage of a wave is limited. However, the
isotropic stress after the passage of the
(plastic} stress wave is higher than in a
material without dilatancy. This means that a
pile in a dilatant material can be expected to
experience more toe resistance.
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Influence of permeability

The resulting pore pressure for the materials is
compared in Figure 13. This pore pressure
depends on the angle of internal friction. Since
the effective isotropic stress increases during
the passage of a wave, the material with the
·
higher friction is stronger resulting in a
slightly smaller plastic displacement of the
toe. During the passage of a wave the higher
pore pressure is found in the strongest
material. This however does not agree with the
general view that an increase in pore pressure
leads to a decrease in soil strength. It should
be noted that the factor causing this changed,
namely the pore pressure increases due to a
higher strength.
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Permeability has a large influence on the
behaviour of the soil under the toe. The
effective stress and the pore pressure for
simulations with high and low permeability is
shown in Figure 15.
The upper part of the figure holds for a
permeable material. The figure shows clearly
that the pore pressure and the effective stress
near the edge of the pile are strongly
influenced by the permeability. High pore
pressure are found in the material with low
permeability, since consolidation is limited.
The lower isotropic effective stress leads to a
loNer strength and the skeleton will collapse
easier.

Single phase simulation

ndddl~r

u

The soil around the shaft can be simulated using
a single phase model, provided that no
volumetric effects occur during plasticity.
The results of the simulations show that the
soil behaviour around the pile toe cannot be
simulated satisfactorily using a single phase
material. In a single phase material only the
total stress is simulated and a simple relation
between total stress and effective stress cannot
be obtained. The influence of permeability
cannot be neglected.
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Quantitative results for the one-dimensional
model have not been derived in this study.
This is mainly due to the relatively large
difference between the finite element simulation
used and pile driving in practice. Since
transmitting boundaries were not providedin the
model only one blow could be simulated. Since
the aim of the research was to obtain more
knowledge about the mechanics of the soil
behaviour around the pile this lack of
quantitative results was not an important
limitation. It is nonetheless impossible to
simulate a number of successive hammer blows in
the model used.
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Effective stress and pore pressure
under the toe with high and low
permeability.
(~=40',

11>=0',

c=50Pa)

Although no quantitative results have been
obtained, the results of this study are useful!
for estimating the parameters generally used in
the one dimensional models.

CONCLUSION AND APPLICATION
General conclusions
The study has given new insight into the
behaviour of soil around a pile under dynamic
loading.
During the passage of a wave, the loading of the
soil is mainly displacement controlled.
The behaviour of the soil along the shaft is not
affected strongly by the two-phase character of
the soil, provided that volumetric changes
(dilatancy) do not occur. If these do occur,
then permeability becomess important.
In a material with a high friction angle or
dilatant behaviour, the plastic zone is not
limited to a very small zone along the pile
shaft.
In contrast the behaviour of the soil around the
pile toe is influenced by the two-phase
character of the soil.
The pore pressure and effective stress
distribution under the toe differ markedly. The
skeleton stiffness, permeability and pile radius
play a role in the distribution.
The wave propagation under the pile toe is
mainly in axial direction, due to the low
compressibility of the pore fluid. This region
is even smaller when the skeleton behaves
plastically. From this region shear waves
propagate radially, like they do from the pile
shaft.
The plastic zone propagates with the speed of
the fast wave in the saturated solid. The
plastic state is limited to the region in which
the axial wave propagates. An increase in
material strength (higher angle of internal
friction) leads to an increase of pore pressure.
Plastic dilatancy leads to a higher toe
resistance.

The simple model with a non-linear dashpot and a
non-linear spring is suitable for simulating
soil behaviour around shafts. It is limited,
however, when the volume of the soil changes
during plasticity and the permeability is low.
The model commonly used for the toe is too
simple because i t does not incluede the
influence of consolidation. When the toe
penetrates sand, the consolidation under the toe
takes a length of time which is of the same
order as the time scale of the dynamic
processes.
More complex models, e.g. the one proposed by
Josseling de Jong [1956] or the addition of an
simple mass, connected to the pile toe by a
spring and a dashpot, seem more realistic. These
models are sketched in Figure 16.

pitt'

0

~

Joss~!

in9

da.shpot

de- Jo ng

Figure 16. More advanced models for onedimensional pile driving simulation.
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In situ measurements
In this study no attempt was made to verify the
results with measurents recorded in situ. From
the study i t is clear that in order to
interprete in situ measurements knowledge of the
permeability of the soil and its volumetric
behaviour during plasticity are important. In
addition i t is essential that instruments used
in in situ test should be placed near the pile,
because the important phenomena are to be found
in this region. This conclusion applies both for
the soil around the shaft and that around the
pile toe.
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